Silver-resistant mutants were selected by stepwise exposure of silver-susceptible clinical strains of Escherichia coli, two of which did not contain any plasmids, to either silver nitrate or silver sulfadiazine. These mutants showed complete cross-resistance to both compounds. They showed low-level cross-resistance to cephalosporins and HgCl 2 but not to other heavy metals. The Ag-resistant mutants had decreased outer membrane (OM) permeability to cephalosporins, and all five resistant mutants tested were deficient in major porins, either OmpF or OmpF plus OmpC. However, the well-studied OmpF-and/or OmpC-deficient mutants of laboratory strains K-12 and B/r were not resistant to either silver compound. Resistant strains accumulated up to fourfold less 110m AgNO 3 than the parental strains. The treatment of cells with carbonyl cyanide m-chlorophenylhydrazone increased Ag accumulation in Ag-susceptible and -resistant strains, suggesting that even the wild-type Ag-susceptible strains had an endogenous Ag efflux activity, which occurred at higher levels in Ag-resistant mutants. The addition of glucose as an energy source to starved cells activated the efflux of Ag. The results suggest that active efflux, presumably coded by a chromosomal gene(s), may play a major role in silver resistance, which is likely to be enhanced synergistically by decreases in OM permeability.
have not been interpreted in terms of active efflux, and the mechanism of non-plasmid-encoded Ag resistance remains unclear.
In order to exert their action on bacterial cells, antimicrobial agents, including heavy metals, must reach their targets inside the cells. In gram-negative bacteria, there are at least two general mechanisms for effectively blocking drug access, i.e., the outer membrane (OM) permeability barrier and active efflux systems (22, 27) . Pugsley and Schnaitman (26) reported that mutants of E. coli lacking OM porins were more resistant to Ag, and Lutkenhaus (12) obtained porin-deficient mutants of E. coli by selecting for resistance to copper. Our preliminary studies also revealed that Ag-resistant strains of gram-negative bacteria (such as Citrobacter freundii, E. coli, and K. pneumoniae) selected on Ag-containing agar plates often lacked major OM proteins. We therefore examined the role of porin deficiency more systematically. In addition, the possible role of active efflux in Ag resistance was examined, as such systems are recognized to play a major role in heavy metal resistance.
(A preliminary report of some of this work was presented at the 36th Interscience Conference on Antimicrobial Agents and Chemotherapy [10] .)
MATERIALS AND METHODS
Heavy metals, antibiotics, and other agents. AgNO 3 and AgSD were from BDH Chemicals Ltd. (Toronto, Canada) and Polysciences Inc. (Warrington, Pa.), respectively. Radioactive silver nitrate ( 110m AgNO 3 in 0.1 M nitric acid, 2.1 mg of Ag ml Ϫ1 , and 25.5 MBq ml Ϫ1 ) was obtained from Amersham Life Science (Oakville, Canada) and was diluted 200-fold in water to produce a working solution. Other heavy metal salts (analytical grade) were from commercial sources. The sources of antibiotics were as previously described (8, 9) . Carbonyl cyanide m-chlorophenylhydrazone (CCCP), disodium ATP, and sodium sulfadiazine were purchased from Sigma Chemical Co. (St. Louis, Mo.). HEPES was obtained from BDH Chemicals.
Bacterial strains and their cultivation. The strains 116, 496, and B1 of E. coli are Ag-susceptible clinical isolates and were identified by using the Vitek AutoMicrobic System (bioMerieux, Hazelwood, Mo.) and maintained in the Department of Microbiology of the University of Saskatchewan, Canada. Ag-resistant mutants were selected by stepwise selection on tryptic soy broth (Difco, Detroit, Mich.) agar plates containing increasing concentrations of either AgNO 3 or AgSD, without the use of mutagens. In this article, AgNO 3 R and AgSDR following the names of strains are used to represent these laboratoryselected Ag-resistant mutants. Some OmpF-and/or OmpC-deficient mutants and their isogenic parental strains of E. coli K-12 (JF568, JF701, JF703, JM101, and HN819) or B/r (CM6 and CM7) (2, 24, 33) were used as control strains, as well as strain Ag r , an E. coli strain containing a silver resistance plasmid (7, 31) . Bacteria were routinely grown in Luria-Bertani (LB) broth (1% Difco tryptone, 0.5% Difco yeast extract, 0.5% NaCl) (17) at 37°C. Where indicated, LB broth without NaCl and M63 minimal medium with glucose (17) were used.
Determination of MICs. MICs were determined by the standard twofold serial broth dilution by using LB broth with or without NaCl. When needed, additional concentrations were used in order to determine small differences in MIC. The inoculum was 5 ϫ 10 4 cells per ml, and the results were read after an overnight incubation at 37°C.
Analysis of membrane proteins. The OMs and cytoplasmic membranes (CMs) were prepared by sonic disruption followed by differential extraction with Sarkosyl (Sigma) (8) . The protein composition was analyzed by sodium dodecyl sulfate-slab polyacrylamide (13%) gel electrophoresis (8) . Each sample contained 50 g of protein and was heated at 100°C for 5 min in sample buffer before analysis.
OM permeability. The OM permeability was quantitated by combining the spontaneous influx of cephalosporins across the OM with their subsequent hydrolysis with periplasmic ␤-lactamase (24) . The strains used were first transformed with plasmid pBR322 to ensure that the strains possessed enough ␤-lactamase activity. The cells were cultured overnight at 37°C in LB broth containing 5 g of tetracycline/ml. A 0.5-ml portion of the culture was transferred into 40 ml of warmed (37°C) LB broth supplemented with 5 mM MgSO 4 , and the culture was grown for 3 h with shaking (200 rpm). Cells were harvested and washed once with 10 mM sodium phosphate buffer (pH 7) containing 5 mM MgCl 2 . The cells were resuspended in the same buffer, and the hydrolysis of cephaloridine or cephalothin (100 M) by intact cells was monitored spectrophotometrically at 260 nm (24) .
Radioactive AgNO 3 accumulation by intact cells. AgNO 3 accumulation was measured basically as described by Li et al. (8) with the assay buffers described by Odermatt et al. (25) . Cells were grown in LB broth to the mid-exponential phase of growth and harvested by centrifugation. Cells were washed once with HEPES-KOH buffer (200 mM, pH 7.4) supplemented with 5 mM MgSO 4 and resuspended in the same buffer at about 10 mg (dry weight) of cells/ml. The accumulation assay, carried out at 37°C, was initiated by diluting the cell suspension with an equal volume of HEPES-KOH buffer (20 mM [pH 7.4] , supplemented with 0.2% [wt/vol] glucose) and adding 110m AgNO 3 to the desired final concentration. When final concentrations of AgNO 3 of more than 20 M were needed, the radioactive 110m AgNO 3 was diluted with nonradioactive AgNO 3 . When an energy inhibitor such as CCCP (prepared as a 10 mM stock solution in 90% ethanol), arsenate, or vanadate was used, the cells were pretreated with the inhibitor for 5 min at 37°C before the addition of radioactive Ag. Because Ag ϩ tends to adsorb to various material, including membrane filters, we used a silicone oil centrifugation assay (8) . Duplicate 0.1-ml samples were removed at the indicated times and placed on top of a silicone oil mixture (0.25 ml; a 1:1 [vol/vol] mixture of Dow Corning silicone oils 510 [50cs] and 550) in a narrow plastic centrifuge tube (0.4 ml; VWR Scientific, West Chester, Pa.). The tubes were immediately centrifuged at top speed (14,000 rpm) in an Eppendorf microcentrifuge, and the bottom portions of the plastic centrifuge tubes containing the cell pellets were cut off. The radioactivity in the cell pellets was determined with a Beckman LS7400 liquid scintillation spectrometer with aqueous counting scintillant (Amersham Life Science). The efficiency for counting the ␤ emission of 110m AgNO 3 was 90% with the use of the standard channel for counting 14 C. To study the need for an exogenous energy source for Ag accumulation, cells in the mid-exponential phase of growth in LB broth were washed three times with HEPES-KOH buffer (100 mM, pH 7.4) supplemented with 5 mM MgSO 4 .
The cell suspensions at a density of 5 mg (dry weight) of cells/ml were incubated with gentle shaking (50 rpm) at 37°C for 1 h so that the endogenous energy reserve of the cells was exhausted. These starved cells were used for the uptake assay. The uptake assay was carried out at 37°C and was started by the addition of 110m AgNO 3 to a final concentration of 5 M as described above. After a 15-min incubation to allow Ag accumulation to reach a steady-state level, an energy source, 1% glucose, was added. The accumulation level of Ag was determined as described above, following the removal of duplicate samples at various times.
Ag uptake by everted membrane vesicles. The preparation of everted membrane vesicles from the cells grown in M63 medium was carried out by the method of McMurry et al. (16) . Assay of Ag uptake by vesicles was carried out by the method of McMurry et al. (16) with the buffers described by Solioz and Odermatt (30) .
RESULTS
Isolation of Ag-resistant mutants. Ag-resistant mutants of E. coli were obtained by stepwise exposure of the parent strains to increasing concentrations of either AgNO 3 or AgSD. The Ag-resistant strains usually produced smaller colonies on LB plates. However, we were unable to detect significant differences in doubling times when the strains were grown in LB broth with good aeration.
Antibiotic and heavy metal susceptibilities. All five Ag-resistant mutants of E. coli were resistant to both AgNO 3 and AgSD ( Table 1 ). The ratios of MICs in LB broth between the mutants and the parent strains were greater than or equal to 128 for AgNO 3 or 64 for AgSD. However, the ratios of MICs between the resistant and susceptible strains were much lower in a medium without NaCl (Table 1) . A similar observation was made with Ag-resistant clinical isolates of gram-negative bacteria including E. coli (data not shown). This halide effect is examined in the Discussion section.
Comparison of the susceptibilities of Ag-resistant mutants and parental strains to antibiotics and non-Ag heavy metals showed that Ag-resistant mutants tended to have decreased susceptibilities to cephalosporins (fourfold increase in MICs) and, possibly, tetracycline and chloramphenicol (Table 1) but had sensitivities to carbenicillin, benzylpenicillin, kanamycin, and ciprofloxacin that were similar to those of the parental strains (data not shown). The B1 strains were less susceptible to ␤-lactams than were the 116 and 496 strains, because B1 , and CuSO 4 (1,250 g/ml) were identical for all strains, except for B1AgNO 3 R, which showed a twofold higher value. MICs of MnSO 4 (1,690 g/ml) and ZnCl 2 (170 g/ml) were also identical for all strains, except that of MnSO 4 for B1AgSDR (211 g/ml) and that of ZnCl 2 for 496 (340 g/ml). The MIC of Na 2 HAsO 4 was identical (500 g/ml) for the two strains tested, 116 and 116AgNO 3 R.
b The values in parentheses are the MICs determined in LB broth without NaCl. c MICs of this compound were unchanged, in every case, in LB broth without NaCl.
produced a higher level of ␤-lactamase, encoded by a plasmid in this strain (data not shown). Ag-resistant mutants were also somewhat resistant to HgCl 2 (up to a four-to eightfold increase in MICs) ( (Table 1 ). All strains, independent of their Ag susceptibility, were highly resistant to sodium sulfadiazine (MIC Ͼ2,048 g/ml). Membrane proteins. Since cross-resistance to some cephalosporins and Ag compounds was observed, we analyzed the membrane (OM and CM) proteins of the Ag-resistant mutants by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. As shown in Fig. 1 , all five Ag-resistant mutants were essentially deficient in either OmpF porin (mutants of 116 and 496) or both OmpF and OmpC porins (mutant of B1). All strains had OmpA. There were no detectable differences in the CM proteins either among the mutant strains or between the mutants and the parental strains (data not shown).
OM permeability. Plasmid pBR322 was transformed into Ag-susceptible and -resistant strains of 116 and 496 so that the strains produced sufficient levels of ␤-lactamase for the OM permeability assay. This did not change the susceptibility of the strains to AgNO 3 and AgSD (data not shown). The OM permeability was determined by using cephaloridine and cephalothin as the substrates as described in Materials and Methods. The quantitative results indicated that the permeability of the laboratory-selected Ag-resistant mutants was at least five times lower than that of the parent strains (data not shown).
Heavy metal susceptibility of the known OmpF-and/or OmpC-deficient strains. Our Ag-resistant mutants were selected by a multistep process and could have contained other changes in addition to the loss of porins. We therefore examined, as controls, various well-studied, isogenic porin-containing or porin-deficient E. coli strains. The results showed that the strains with or without OmpF and/or OmpC had an essentially unaltered susceptibility to Ag compounds and Cu 2ϩ ( Table (Table 2) .
Ag accumulation by Ag-susceptible and -resistant strains.
Ag accumulation studies were carried out mainly using one pair of strains, E. coli 116 and 116AgNO 3 R. E. coli 116Ag NO 3 R accumulated less Ag (up to fourfold) than its parental Ag-sensitive strain when the external concentrations of AgNO 3 were 20 M or lower ( Fig. 2A and B) . It usually took about 5 to 10 min for the accumulation to reach a steady state. Interestingly, the accumulation difference was dependent upon the substrate concentration used. When 100 or 500 M AgNO 3 was used, the difference between the susceptible and the resistant strains disappeared ( Fig. 2C and D) . Assuming that proteins make up about 50% of the cell (dry weight) and that the cell volume is around 3 l/mg (dry weight) of cells (8), we can convert the accumulation data (such as those shown in Fig.  2 ) into nominal intracellular Ag ϩ concentrations (micromolar) ( Table 3) , although most of the Ag ϩ might be bound to cellular macromolecules. The estimated intracellular concentrations were much lower than the external concentrations when 5 or 20 M AgNO 3 was used. At higher external concentrations (100 or 500 M), the intracellular concentrations were close to the external ones ( There appeared to be a small difference in the initial rates of accumulation at early time points, the accumulation in JF703 being about 20% lower than that in JF568 at 1 or 2 min. However, there was no difference in the steady-state level of accumulation (essentially reached at 5 to 10 min) between these two strains (data not shown). These data are consistent with the similar MICs observed for these strains (Table 2) .
CCCP increases the accumulation levels of Ag. Since differences in Ag accumulation were found between Ag-susceptible and -resistant strains, the effect of energy inhibitors on Ag accumulation was determined. When the cells were treated with the proton ionophore CCCP at 100 M for 5 min at 37°C before initiating the Ag accumulation assay, the steady-state level of Ag accumulation was increased, and there was no longer a difference between the susceptible and resistant strains (Fig. 3) . The steady-state levels of accumulation in CCCP-poisoned cells of both strains were very close to the external Ag concentration (Table 3 ). In contrast, other energy inhibitors such as arsenate at 1 mM and vanadate at 10 mM had no effect on Ag accumulation in both Ag-susceptible and -resistant strains (data not shown).
Efflux induced by the addition of energy source. Cells of strain 116AgNO 3 R were washed three times in buffer and starved for 1 h at 37°C to delete the endogenous energy source, as described in Materials and Methods. When 110m AgNO 3 (5 M) was added to these cells, Ag ϩ accumulation was maximal, probably because the efflux pump could not function owing to the lack of energy. After 15 min, the suspension was divided, and glucose was added to half of the suspension. Under these conditions, rapid, active efflux of 110m AgNO 3 out of the cells was observed (Fig. 4) , probably being the result of an energycoupled efflux process.
Ag uptake by everted membrane vesicles. Everted membrane vesicles provide a means of characterizing energy-dependent efflux systems in vitro. Such vesicles use energy to concentrate substances which intact cells expel. Vesicles prepared from Ag-susceptible and -resistant derivatives of strain 116 were assayed as described in Materials and Methods. When 20 mM sodium lactate or 0.5 mM disodium ATP was used as the energy source, no active uptake of 110m AgNO 3 was seen in everted membrane vesicles. However, when 5 mM disodium ATP was used, the vesicles accumulated about twofold more Ag compared to the vesicles without an added energy source (data not shown). The higher concentration of ATP appeared, however, to interfere with the assay since the vesicle suspension became slightly more turbid after the addition of ATP. Therefore, the experimental parameters need to be examined more carefully before firm conclusions can be drawn.
DISCUSSION
Absence of major porins in Ag-resistant mutants. The laboratory-selected Ag-resistant mutants of E. coli were deficient in their major porins (Fig. 1) . This finding was supported by the lowered OM permeability in the mutants (see Results). It is likely that the absence of porins contributed substantially to the low-level cross-resistance between Ag and several structur- Fig. 2 and 3 by using the calculation described in the text. The external concentrations were the final concentrations used in the accumulation assays, while the intracellular concentrations were calculated by measuring the radioactivity of ally unrelated antibiotics (Table 1 ) (see, for example, reference 6). Porin-deficient mutants of E. coli grow at normal rates when high concentrations of nutrients are available, but their growth rate decreases when the nutrient concentrations become low (2, 12) . Our laboratory-selected Ag-resistant mutants grew at normal rates in well-aerated LB broth, but the growth became slower compared to that of their parent strains on solid medium, presumably because at the interior of colonies the cells were starved for nutrients.
But the absence of major porins alone cannot explain the Ag resistance, because various well-characterized OmpF-and/or OmpC-deficient mutants showed almost identical susceptibilities to Ag ϩ ( Table 2) . As described below, we believe that Ag ϩ is actively pumped out by resistant (and even susceptible) cells of E. coli and that lowered OM permeability acts synergistically with this efflux mechanism to raise the level of resistance (23), as has been shown for the endogenous tetracycline efflux system of E. coli (33) . NaCl and Ag resistance. Ag ϩ interacts with Cl Ϫ to form sparingly soluble AgCl. Based on the solubility of AgCl (14 M [1]), the presence of excess NaCl (85 mM in LB broth) is expected to lower the concentration of free Ag ϩ to about 2 nM, regardless of the nominal concentrations of AgNO 3 added. It was surprising, then, that the differences in the AgNO 3 MICs for resistant and susceptible strains in LB broth were greater than 100-fold (Table 1) . Silver et al. (29) explained this phenomenon by assuming that susceptible cells bind Ag ϩ so tightly that they extract it from AgCl, whereas resistant cells do not. In view of our observation on the effluxbased mechanism of resistance, we propose a modified hypothesis. Both susceptible and resistant cells interact with particles of AgCl, and molecules on the cell surface extract or leach out Ag ϩ from AgCl; subsequently, resistant cells are able to pump out more of the Ag ϩ ions that enter the cytoplasm. A similar hypothesis can explain the large differences in MICs seen with AgSD (Table 1) , which is less soluble than AgCl (3 M [21] ).
Evidence for the efflux of Ag ؉ . Active efflux is well-known as a major mechanism of both antibiotic and heavy metal resistance (22, 27) . Ag-resistant strains accumulated much lower steady-state levels of Ag than the susceptible parent strains. This difference cannot be explained by differences in permeability alone and requires the assumption that Ag is extruded out of the resistant cells (see Fig. 2 of reference 23) .
We obtained additional data that support the existence of a contribution by an active efflux process. (i) The deenergization of cells by pretreatment with proton conductor CCCP increased the levels of Ag accumulation in the resistant strain (Fig. 3). (ii) The addition of an energy source (glucose) to starved cells activated the efflux process for Ag (Fig. 4) . The CCCP experiment also suggested that the wild-type, Ag-sensitive strains have Ag efflux activity.
Interestingly, the differences in accumulation levels in susceptible and resistant strains became smaller and smaller as the external concentrations of Ag were increased (Fig. 2) . These data suggest that the Ag efflux system may become saturated at high concentrations and that the influx of Ag may overwhelm efflux. Under these conditions, the estimated intracellular Ag concentrations became close to the external concentrations, as expected (Table 3 ).
It appears very likely that our system is encoded by chromosomal genes because the parent strains we used were fully Ag susceptible and plasmid DNA could not be detected in either 116 or 496. Although a ␤-lactamase-encoding plasmid was present in strain B1, the Ag resistance phenotype could not be transferred into E. coli DH5␣ by transformation of the plasmid. We are not aware of previous reports of lowered accumulation of Ag ϩ in resistant strains not containing plasmids. However, such chromosomally encoded Ag ϩ efflux processes may be widespread in the bacterial world. For example, P. aeruginosa PAO4068 (a derivative of PAO1 [8] ) was shown to accumulate four-to fivefold more Ag, from 20 M external 110m AgNO 3 , when pretreated with 100 M CCCP (11) . In view of these results, it seems exceedingly likely that the low-level accumulation of Ag ϩ reported for plasmid-containing silverresistant strains (4, 31) is also due to the active efflux of this ion. Indeed, Matsui and coworkers (14) have sequenced genes from the silver resistance plasmid pMG101 (15) and found that both an RND-type proton-coupled efflux transporter and a P-type ATPase are encoded by these genes.
Although our data demonstrate that an active efflux process exists for Ag ϩ , the identity of this putative system remains to be established. In the gram-positive species E. hirae, a chromosomally coded, P-type ATPase, CopB, has recently been shown to pump out Ag ϩ , a process interpreted as "fortuitous" by the authors (30) . We believe that our pump is likely to be quite different, as the endogenous E. coli pump appears to use proton-motive force as the energy source. Recently, Nakajima et al. (20) showed that overexpression of RobA in E. coli produced multiple resistance to antibiotics and heavy metals, including Ag. Since RobA activates the transcription of acrAB efflux pump genes (13) , it may also increase the expression of a similar efflux system that is capable of pumping out heavy metal ions.
